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a piezoelectric transducer and the elasticity of the sec 
ond refracting element lifts the center of that element 
away from the first refracting element. The amount of 
reflection at the interface of the two refractive elements 
is a function of their spacing. This reflection is reduced 
to zero by the addition of a thin plastic layer on the 
surface of one of the refracting elements which allows 
total contact across the entire surface of the two refrac 
tive elements. 

24 Claims, 4 Drawing Sheets 
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FTR MODULATOR 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to optical modulators for 
switching and modulating the amplitude of an optical 
beam having a moderate cross section. More specifi 
cally, the present invention relates to a frustrated total 
internal reflection modulator, that is normally in the off 
mode, that functions over a large range of angles of 
incidence and has extremely low reflection in the off 
mode. This invention has application to covert re 
tromodulators, for identification friend or foe and other 
forms of communication as well as Q-switches for la 
sers, and optical choppers. 

BACKGROUND OF THE INVENTION 

Heretofore, in the field of optical communications 
and in the sub field of Identification Friend or Foe 
various attempts have been made to develop an omni 
directional transponder that will remain covert until 
interrogated with the proper optical beam and only 
then responds with the proper message. These attempts 
have included modulating devices, such as polarizers 
and acousto-optic modulators. However, these devices 
are functionally dependent upon the interrogating wave 
length, polarization, and angle of incidence. Under 
some conditions these devices will return optical energy 
in the "off mode' thus destroying their covert charac 
teristics. 
To overcome this deficiency a mechanical shutter 

was placed in front of the retro modulator so that the 
modulator could maintain its covertness, or fail to re 
turn optical energy in the presence of a unauthorized 
interrogation. However these shutters were bulky and 
relatively slow in response. As a result, attempts have 
been made to use retro reflective characteristics of 
lenses to modulate the signal at the lens focal plane. This 
attempt has been accomplished by moving the reflect 
ing surface at the focal plane or by modulating the 
reflectivity at the focal plane by various modulation 
techniques. Dr. Buser, Director of the Army's Center 
for Night Vision and Electro Optics notes in his U.S. 
Pat. No. 4,361,911 entitled "Laser Retroreflector Sys 
tem for Identification Friend or Foe": "At the present 
time there is no known wide field-of-view laser retrore 
flector which can be interrogated successfully and yet 
remain covert" (Col. 1, lines 21-23). In this patent Buser 
teaches a lens system with an acousto-optic modulator 
at the focal plane to return the signal. However, these 
lens systems are bulky and have a limited field of view 
when compared to a corner cube. 
There have been several designs using Frustrated 

Total Internal Reflection (FTIR) to accomplish switch 
ing or modulation of a beam of light. In almost all cases 
these systems begin with an air gap which produces 
total internal reflection, and then rapidly drives the 
material to less than one tenth wave length spacing to 
produce frustrated total internal reflection. These sys 
tems are typified by U.S. Pat. Nos. 4,249,814; 3,649, 105; 
3,559,101; 3,376,092; 3,338,656; 2,997,922; and 
2,565,514. U.S. Pat. No. 3,514,183 teaches the use of a 
device in which the edges of a transparent member are 
attached to a prism and the center of the secondary 
glass plate is pulled away from the prism. In all of these 
systems there is a problem in overcoming stiction and 
damage to the glass. These systems experience two 
specific problems. To achieve contact closure in a short 
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time requires that the two surfaces be driven together 
with great force. The high rate of deceleration that the . 
surfaces experience when they come in contact with 
each other causes cold welding and fracturing thus 
limiting the useful life of the device. In addition when 
the two surfaces are pulled apart with a uniform force 
across their interface or from the center there is a vac 
uum that is formed between the two surfaces, and a 
great deal of force is required to overcome the stiction. 

Most of the systems have been designed to operate at 
a single wave length and a single angle of incidence, 
near the critical angle. Many of these designs acknowl 
edge that the reflection does not go to zero. To over 
come the problem of stiction and damage U.S. Pat. No. 
4,165,155 teaches a device with zero reflectivity when 
operating at a spacing of 1 wave length. However, this 
device will work for only one wavelength and one 
angle of incidence, and thus would not be covert for a 
wide range of angles and wavelengths. 

Previous systems have focused the design on angles 
near the critical angle and have not concerned then 
selves with the residual reflections for separations be 
tween 0 and 1/10 A. As will be seen in FIG. 12 at the 
higher angles of incidence the residual reflection at 
spacings on the order of 1/10 A are significant. 

Accordingly, a need has arisen for a Frustrated Total 
Internal Reflection Modulator that a) overcomes the 
problem of stiction; b) is in the off mode when not acti 
wated; c) will reduce the minimum reflection to zero 
over a wide range of incident angles and wave lengths; 
and d) is covert in the off mode over a wide range of 
angle and wave lengths. 

SUMMARY OF THE INVENTION 

A device for modulating the intensity of an optical 
beam is provided. The device includes a first transpar 
ent refracting element having first and second surfaces 
and having an index of refraction greater than one. The 
second surface thereof being substantially flat. A second 
transparent refracting element is provided and has first 
and second opposed surfaces and an index of refraction 
substantially equal to or greater than the index of refrac 
tion of the first transparent refracting element. The first 
surface thereof being substantially flat and being dis 
posed adjacent to the second surface of the first trans 
parent refracting element. An electrically actuated 
transducer is mounted adjacent said first and second 
transparent refracting elements for separating the first 
and second transparent refracting elements by a vari 
able and controlled amount where the transducer is 
actuated. Structure is disposed adjacent the second 
surface of the second transparent refracting element for 
providing a force to return the first surface of the sec 
ond transparent refracting element into substantial 
contact with the second surface of the first transparent 
refracting element when said transducer is deactivated. 

BRIEF DESCRIPTION OF THE DRAWINGS 
For a more complete understanding of the present 

invention and for further advantages thereof, reference 
is now made to the following Description of the Pre 
ferred Embodiments taken in conjunction with the ac 
companying Drawings in which: 
FIG. 1 illustrates the combination of the present 

FTIR Modulator and a prism, which is typified by a 
corner cube and forms a retro modulator; 
FIG. 2 is a diagram of a corner cube prism; 
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FIG. 3 is a diagram illustrating Snell's Law; 
FIG. 4 is a two dimensional illustration of a corner 

cube prism with total internal reflection; 
FIG. 5 is a two dimensional illustration of a corner 

cube prism with frustrated total internal reflection; 
FIG. 6 is a two dimensional view of a wedged refract 

ing element frustrating the prism total internal reflec 
tion; 
FIGS. 7a-7c illustrates the FTIR Modulator of the 

present invention and its operation; 
FIG. 8 illustrates an alternate configuration of the 

present invention for a low elasticity coating; 
FIGS. 9a-9c illustrates a normally open configura 

tion of the present FTIR Modulator utilizing opposing 
transducers; 
FIG. 10 illustrates a normally open configuration of 

the present FTIR Modulator using a driving transducer 
with a spring return; 
FIG. 11 is an enlarged cross-sectional view taken 

generally along sectional lines 11-11 of FIG. 7a illus 
trating the interface between the primary plate 24a and 
the secondary plate 24b in a closed condition; and 
FIG. 12 presents a graph of frustrated total internal 

reflections as a function of spacing and angle of inci 
dence. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A frustrated total internal reflection (FTIR) modula 
tor varies the intensity of an optical beam from the 
optical device to which the modulator is attached. The 
modulator is attached to an optical device that changes 
the optical path, or is a part of the optical device that 
changes the optical path. Typically, the optical device is 
a prism. FIG. 1 illustrates a retromodulator 2 having a 
Frustrated Total Internal Reflection Modulator 4 at 
tached to a corner cube 6. 
Corner cube 6 is an optical device with three mutu 

ally perpendicular surfaces as shown in FIG. 2. The first 
surface 10 is perpendicular to a second surface 12 and a 
third surface 14. The second surface 12 and the third 
surface 14 are also perpendicular to one another. The 
optical corner cube 6 is fabricated from a refractive 
material that is optically transparent to the wave lengths 
of interest. 
A retro reflector, corner cube, design is based on total 

internal reflection, which is derived from Snell's Law. 
Snell's Law is illustrated in FIG. 3 and is defined as: 

N. Sin 8s N2 Sin 62 

When a light ray travels from a denser medium N2, such 
as glass, to a less dense medium N1, such as air, the angle 
in the less dense medium is greater. The angle of 62 that 
results in a value of 61 equal to 90 degrees is designated 
the critical angle. For all angles of 62 greater than the 
critical angle there is total internal reflection. That is, 
the interface 5 between N1 and N2, acts as a perfect 
mirror. For the case of N2= 1.5 and N = 1 the critical 
angle is 42 degrees. 
FIG. 2 shows a retro reflector with its three mutually 

perpendicular surfaces 10, 12, and 14. An incoming ray 
8 strikes the first surface 10 and is reflected to the sec 
ond surface 12 which in turn reflects it to the third 
surface 14. The retro reflected ray 16 then is returned 
parallel to the incoming ray 8. It is important to note 
that all rays are reflected from each of the three corner 
cube surfaces 10, 12, 14. Thus, if any one surface ab 

O 

5 

20 

25 

30 

35 

45 

50 

55 

65 

4. 
sorbs the ray and does not reflect the ray, no rays will 
be returned. 

FIG. 4 illustrates the concept in two dimensions, the 
third surface is not shown for simplicity. It can be seen 
that the incoming ray 8 is reflected at the second surface 
12 by total internal reflection. Secondary plate 4 has 
substantially the same index of refractions as the corner 
cube 6, with a spacing 18 greater than one wave length 
of light. Both the contact surface of the secondary plate 
4 and the surface of the corner cube 6 are optically flat. 
However the opposing surface 23 of the secondary 
plate 4 is treated, typically by etching and blackening so 
that surface 23 absorbs and scatters the light and does 
not reflect light. When secondary plate 4 is brought into 
contact with the corner cube surface 12, the total inter 
nal reflection is frustrated, as shown in FIG. 5. N1 is 
now substantially equal to N2 and the conditions for 
total internal reflection no longer exist. The incoming 
ray 8 now travels into the secondary plate 4 and is 
scattered and absorbed at the opposing surface 23 but is 
not reflected. The result is that the corner cube 6 no 
longer retro reflects the optical energy impinging on 
cube 6. An alternative to absorbing the beam is to form 
a second beam. By introducing a wedge to the opposing 
surface 23 the energy is transferred from the retro re 
flected ray 16 into the deviated ray 17 as shown in FIG. 
6. 
The Frustrated Total Internal Reflection Modulator 

4 of the present invention is shown in FIGS. 7a-7c and 
includes a primary plate 24a, and a secondary plate 24b. 
The index of refraction of the primary plate 24a and 
Secondary plate 24b is substantially equal to or greater 
than the index of refraction of the corner cube 6. A 
piezo-electric transducer ring 22 inset in plate 24a con 
trols the separation 18 between the primary plate 24a 
and the secondary plate 24b. A plastic, low elasticity, 
coating 25 is applied to the primary plate 24a. These 
elements are contained in a frame 26 which contains a 
spring 28. Spring 28 generates a force on plate 24b in 
order to maintain plate 24b in contact with plate 24a 
when transducer 22 is not actuated. 

In the preferred embodiment the secondary plate 24b 
is a highly elastic material such as glass. However, in 
the event that the desired material for secondary plate 
24b is not highly elastic, a layer 40 of non highly elastic 
material may be attached to a highly elastic ternary 
plate 30 as shown in FIG. 8. 
The opposing surface 23 of the secondary plate 24b is 

treated so as to minimize reflections. In the preferred 
embodiment surface 23 is etched and blackened as 
shown in FIG. 4. FIG. 6 shows a wedged surface 23 as 
an alternative to minimizing the reflections from the 
secondary plate 24b. 

In the preferred embodiment the Frustrated Total 
Internal Reflection Modulator 4 is cemented to the 
optical device 6. However, it should be recognized that 
one surface of the optical device 6 could form the pri 
mary surface 24a of the Frustrated Total Internal Re 
flection Modulator 4. -- 

FIG. 7a illustrates the normal off mode, with the 
transducer 22 deactivated. In this mode, the air gap 18 
is substantially zero and the primary plate 24a is in 
contact with the secondary plate 24b. In this mode, the 
total internal reflection is frustrated and the incoming 
ray 8 (FIG. 5) is transmitted into the secondary plate 
24b where it can be absorbed, scattered, or reflected. 

FIG. 7b illustrates modulator 4 when activated. A 
voltage is applied to the piezo-electric transducer 22 to 
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cause transducer 22 to elongate. Transducer 22 then lifts 
the outer edges of the secondary plate 24b causing plate 
24b to flex, letting air into the space 18 such that the 
vacuum is broken, overcoming the stiction between 
plates 24a and 24b. 5 
FIG. 7c illustrates the fully on mode of the FTIR 

modulator 4. In this mode, the piezo-electric transducer 
22 is fully extended and the elasticity of the secondary 
plate 24b has brought plate 24b to a near parallel condi 
tion with the primary plate 24a. In this mode it is desir 
able, although not necessary, to have the air gap 18 
greater than one wave length over the entire length of 
plates 24a and 24b. With the air gap of nominally one 
wave length the primary plate 24a experiences total 
internal reflection for all angles greater than the critical 15 
angle. When properly matched to the corner cube 6, the 
prism also experiences total internal reflection. 
When the transducer 22 is deactivated the force of 

the spring 28 drives the secondary plate 24b back into 
substantial contact with the primary plate 24a. Allow 
ing the spring 28 to drive from the center of plate 24b 
will cause the secondary plate 24b to be slightly bowed 
in a convex shape allowing the air to escape around the 
edges of plates 24a and 24b and not be trapped between 
the plates 24b and 24a as plate 24b moves toward plate 
24a to the off mode. Allowing air to escape reduces the 
force required to close the space 18 substantially elimi 
nating the cold welding and fracturing that has been 
previously encountered. 
FIGS. 9a-9c illustrate an additional embodiment of 30 

the present invention in which modulator 4 is normally 
open and total internal reflection in the corner cube 6 is 
present. A piezo-electric transducer 38 drives the center 
of the secondary plate 24b into substantial contact with 
the primary plate 24a. As the voltage is decreased from 
the transducer 22, transducer 38 allows the two plates 
24 to come into contact across the entire plates 24 due 
to the elasticity of the secondary plate 24b. FIG. 10 
shows a normally open modulator (4) where the trans 
ducer 22 is replaced by a spring 42. w 
When one describes flat and polished optical ele 

ments they are usually polished to 1/10 A to 1/20 A. As 
shown in FIG. 11, such polishing leaves a series of 
waves 32 and 34 across the surface. The amplitude of 
these waves describes the flatness of plates 24a and 24b. 
When one attempts to place the two surfaces 24a and 
24b in contact the peaks36 of the waves interfere leav 
ing gaps 38 that can be twice the amplitude of the sur 
face flatness. These gaps 38 result in the residual reflec 
tions of previous designs. By placing a thin plastic layer 
40 (FIG. 8) on the primary plate 24a, layer 40 will easily 
deform under pressure and conform to and match the 
shape of the secondary plate 24b. This configuration 
will reduce the space 18 substantially to 0. 
The reflections at a three surface 10, 12, and 14 inter 

face (FIG. 2), as are encountered in this design, are 
developed from field theory and have been well de 
fined, The reflection at surface 12, or at the interface 5 
(FIG. 3) of the primary plate 24a and secondary plate 
24b is defined as: 
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as re 

(no/n) - 1)(n2/no (no/n)? - 1) 
4(no/ni)'Cos(d)(no/n Sin(d) - 1)"((n2/no) - Sin(d) 

6 
-continued 

a = as no/n) + 1)"Sin(d) - 1)? 4) 

{(n2/no) - Sin(d)} + Cos(d)} 5) 
4Cos(d)(n2/no) - Sin(d) 

5 F 

Rp = 4(n2/no)cos(d) (n2/no) – Sin(d)?- 

where: The subscripts, s and p, refer to waves polarized 
perpendicular to and parallel to the plane of incidence, 
respectively. 

b=the angle from the normal in the corner cube 6, at 
- Surface 12, or in the primary plate 24a at the sec 
ondary plate 24b interface. 

no=the index of refraction of the retroreflector or the 
primary plate 24a. Typically 1.5 

n1=the index of refraction of the gap 18, Typically 
1.0 

n2 = the index of refraction of the secondary plate 
24b. Typically 1.5 

FIG. 12 illustrates the FTIR modulators 4 reflection 
as a function of angle for several typical angles to be 
encountered. 

Accordingly, the it can be seen that the Frustrated 
Total Internal Reflection Modulator of the present in 
vention offers a covert retroreflector with substantially 
0 reflection in the off condition, that operates over a 
wide range of incident angles and wave lengths, while 
overcoming the problems of stiction and fracturing of 
the primary and secondary plates. 
Although the description above contains many 

Specificities, these should not be construed as limiting 
the scope of the invention but as merely providing illus 
trations of some of the presently preferred embodiments 
of this invention. For example, the plastic layer can be 
attached to or be a part of either or both of the second 
ary and primary plates; The Frustrated Total Internal 
Reflection Modulator can be attached to or be a part of 
various prisms including a corner cube; the transducer 
22 can be any device which increases its length in re 
sponse to a stimulus. 
Whereas the present invention has been described 

with respect to specific embodiments thereof, it will be 
understood that various changes and modifications will 
be suggested to one skilled in the art and it is intended 
to encompass such changes and modifications as fall 
within the scope of the appended claims. 

I claim: 
1. A device for modulating the intensity of an optical 

bean comprising: 
a first transparent refracting element having first and 

Second surfaces and having an index of refraction 
greater than one, said second surface thereof being 
substantially flat; 

a second transparent refracting element having first 
and second opposed surfaces and having an index 
of refraction substantially equal to or greater than 
the index of refraction of said first transparent re 
fracting element, said first surface thereof being 
substantially flat and being disposed adjacent said 
second surface of said first transparent refracting 
element; 

an electrically actuated transducer means mounted 
adjacent said first and second transparent refract 
ing elements, for separating said first and second 



7 
transparent refracting elements by a variable and 
controlled amount when said transducer means is 
actuated; and 

return means disposed adjacent said second surface of 
said second transparent refracting element for pro 
viding a force to return said first surface of said 
second transparent refracting element into substan 
tial contact with said second surface of said first 
transparent refracting element when said trans 
ducer is deactivated by causing said second trans 
parent refracting element to move toward said first 
transparent reinforcing element. 

2. The device of claim 1 wherein said return means 
includes a spring. 

3. The device of claim 1 wherein said return means 
includes a transducer. 

4. The device of claim 1 wherein the second surface 
of said second transparent refracting element includes 
means for absorbing optical energy. 

5. The device of claim 1 wherein said second surface 
of said second transparent refracting element is not 
parallel to said first surface of said second transparent 
refracting element. 

6. The device of claim 1 wherein said transducer 
means includes a piezo-electric material. 

7. The device of claim 1 and further including a prism 
and said first surface of said first transparent refracting 
element being attached to said prism. 

8. The device of claim 7 wherein said prism is a cor 
ner cube. 

9. The device of claim 7 wherein said prism is a right 
angle prism. 

10. The device of claim 1 wherein said first transpar 
ent refracting element includes a prism. 

11. The device of claim 10 wherein said prism is a 
corner cube. 

12. The device of claim 10 wherein said prism is a 
right angle prism. 

13. The device of claim 1 and further including a 
layer of plastic material disposed on said second surface 
of said first transparent refracting surface. 

14. The device of claim 1 and further including a 
layer of plastic material disposed on said first surface of 
said second transparent refracting surface. 

15. The device of claim 1 and further including an 
elastic plate, and said second transparent refracting 
element being attached to said elastic plate. 

16. The device of claim 1 wherein said second trans 
parent refracting element comprises an elastic material. 

17. A device for modulating the intensity of an optical 
beam comprising: 

a first transparent refracting element having first and 
second surfaces, opposed edges, and having an 
index of refraction greater than one, said second 
surface thereof being substantially flat; 

a second transparent refracting element having first 
and second opposed surfaces, opposed edges, and 
having an index of refraction substantially equal to 
or greater than the index of refraction of said first 
transparent refracting element, said first surface 
thereof being substantially flat and being disposed 
adjacent said second surface of said first transpar 
ent refracting element; 

an electrically actuated transducer means mounted 
adjacent said opposed edges of said first and second 
transparent refracting elements, for separating said 
opposed edges of said first and second transparent 
refracting elements by a variable and controlled 
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8 
amount when said transducer means is actuated; 
and 

return means disposed adjacent said second surface of 
said second transparent refracting element and 
disposed between said opposed edges of said sec 
ond transparent refracting element for providing a 
force to return said first surface of said second 
transparent refracting element into substantial 
contact with said second surface of said first trans 
parent refracting element when said transducer is 
deactivated, said return means causing deflection 
of said first surface of said second transparent Ee 
fracting element centrally between said opposed 
edges thereof, such that said first surface of said 
second transparent refracting element initially 
contacts said second surface of said first transpar 
ent refracting element between said opposed edges 
thereof prior to said opposed edges of said first and 
second transparent refracting elements contacting 
each other. 

18. The device of claim 17 wherein said return means 
includes a spring. 

19. The device of claim 17 wherein said return means 
includes a transducer. 

20. The device of claim 17 and further including a 
layer of plastic material disposed on said second surface 
of said first transparent refracting surface. 

21. The device of claim 17 and further including a 
layer of plastic material disposed on said first surface of 
said second transparent refracting surface. 

22. The device of claim 17 and further including an 
elastic plate, and said second transparent refracting 
element being attached to said elastic plate. 

23. The device of claim 17 wherein said second trans 
parent refracting element comprises an elastic material. 

24. A device for modulating the intensity of an optical 
beam comprising: 

a first transparent refracting element having first and 
second surfaces, opposed edges, and having an 
index of refraction greater than one, said second 
surface thereof being substantially flat; 

a second transparent refracting element having first 
and second opposed surfaces, opposed edges, and 
having an index of refraction substantially equal to 
or greater than the index of refraction of said first 
transparent refracting element, said first surface 
thereof being substantially flat and being disposed 
adjacent said second surface of said first transpar 
ent refracting element; 

means mounted adjacent said first and second trans 
parent refracting elements, for separating said first 
and second transparent refracting elements; and 

return means disposed adjacent said second surface of 
said second transparent refracting element and 
disposed between said opposed edges of said sec 
ond transparent refracting element for providing a 
force to return said first surface of said second 
transparent refracting element into substantial 
contact with said second surface of said first trans 
parent refracting element, said return means caus 
ing deflection of said first surface of said second 
transparent refracting element centrally between 
said opposed edges thereof, such that said first 
surface of said second transparent refracting ele 
ment initially contacts said second surface of said 
first transparent refracting element between said 
opposed edges thereof prior to said opposed edges 
of said first and second transparent refracting ele 
ments contacting each other. 
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